The pursuit of sunlight-to-fuels technologies has motivated exploration of electrocatalysts for the production of chemical fuels. [1] [2] [3] These efforts span both homogeneous and heterogeneous systems. Molecular electrocatalysts are particularly attractive targets because their electronic structure can be tuned through ligand modification, 4 their secondary coordination sphere can be modified to promote substrate stabilization or provide a substrate relay, 5 and mechanistic and kinetic information can be gleaned through electrochemical 6 or spectroscopic methods. 1, 7 Through these studies, molecular structure and catalytic activity can be correlated. While molecular catalysts offer an ideal platform with which to study the hydrogen evolution reaction, their stability under electrocatalytic conditions must be assessed. A molecular complex may degrade to a new active or inactive molecular or heterogeneous species. 8, 9 If, during electrocatalysis, a molecular species degrades or transforms into a heterogeneous species, the resulting product may adsorb to the electrode. If adsorption is strong, rinsing the electrode and analyzing its electrochemical response in a solution containing only substrate can reveal whether a heterogeneous active species has deposited on the electrode. 10, 11 Characterization of the electrode surface by various surface techniques can then help identify the heterogeneous active material. These methods have already been used to identify the transformation of a nickel bis(benzenedithiolate) complex into a Ni-S film active for electrochemical hydrogen evolution. 10 Several cobalt complexes have been found to degrade into electrode-adsorbed cobalt nanoparticles also active for hydrogen evolution. [12] [13] [14] [15] Very recently, decomposition of a nickel bisglyoximato complex to nickel-based nanoparticles was reported. 16 Another diagnostic for heterogeneous electrochemical catalysis is the appearance of irreversible prewaves prior to the onset of the electrocatalytic wave in cyclic voltammetry (CV). In several careful recent studies 10, [13] [14] [15] [16] these prewaves have been proposed to represent the modification of the precatalyst by electrons and substrate (e.g., protons), which, in reported cases, initiates degradation of the molecular species into a catalytically active heterogeneous species. Although these examples illustrate methods capable of distinguishing between homogeneous and heterogeneous active species, the structural factors that favor modification and even decomposition of molecular species under electrocatalytic conditions are not well understood. Even more poorly understood are the pathways by which degradation occurs. Improved understanding of catalyst decomposition mechanisms will aid in the rational design of next generation catalysts with enhanced stability. Here we examine the electrochemical decomposition mechanism of the molecular nickel species [Ni(N-N-SCH 3 (Fig. 1 ), followed by a second, larger irreversible wave with an onset near À1.10 V, suggesting electrocatalytic proton reduction. Direct reduction of CF 3 COOH occurs at more negative potentials (Fig. S11 , ESI †). 25 Upon further acid titration, the prewave peak asymptotically approaches an upper limit that corresponds to the exchange of two electrons per molecule of 1 ( Fig. 1 ). Peak height analysis ( Table S1 , ESI †), relative to the Ni II /Ni I reduction of 1 in the absence of acid, both support a two electron exchange. The observed prewave is very similar to a feature observed for solutions of a cobalt clathrochelate complex and perchloric acid, where a limiting six electron stoichiometry was observed. 15 A net six electron, six proton ligand hydrogenation of the three glyoxime ligands was proposed for the cobalt clathrochelate compound. 15 Likewise, a net four electron, four proton ligand hydrogenation was similarly suggested for the related cobalt and nickel bisglyoximato compounds. 13, 16 Similar to these glyoxime ligands, the N-N-SCH 3 ligands of 1 contain a CQN bond. We thus postulate that the prewave feature corresponds to hydrogenation of this imine functionality.
To support assignment of the prewave as ligand hydrogenation, a hydrogenated analogue (2, Scheme 1) was synthesized per literature methods. 22 In contrast to the meridional geometry of 1, the ligands of 2 coordinate facially. In the absence of acid, a reversible reduction corresponding to the Ni II/I redox couple of 2 is observed (E 1/2 = À1.14 V vs. Fc + /Fc), and, in contrast to 1, an irreversible wave, attributed to the Ni I/0 couple, is seen (E p,c = 1.42 V) (Fig. 2 ). As anticipated, no prewave is observed upon the addition of acid, yet catalytic waves appear, similar to those observed in analogous scans of 1 (Fig. 3) . The catalytic waves of 2 pass more current than the respective scans of 1, likely the result of proton depletion near the electrode surface from the ligand hydrogenation of 1. The lack of a prewave for 2, yet an otherwise similar electrochemical response to that of 1, provides further evidence that the prewave corresponds to an electrochemical hydrogenation of the CQN bonds. UV-vis studies reveal no chemical changes to either complex upon acid titration in the absence of reductant other than reversible protonation of the sp 3 hybridized nitrogens in 2 ( Fig. S13 -S15, ESI †).
As the prewave feature seen in the CV of 1 indicates a chemical transformation is initiated under electrocatalytic conditions, the catalytic responses of both 1 and 2 were investigated. For 1, the second, large wave increases linearly with acid concentration up to 100 eq. (Fig. S16 , ESI †), as anticipated for a catalytic response. 26 To evaluate the possibility that a catalytically active, surface-adsorbed heterogeneous species is formed during the cathodic sweep of 1 in the presence of acid, a rinse test 10, 11 was conducted. Using a freshly polished electrode in a solution of 1 and acid, the potential was scanned from À0.70 V to À1.80 V vs. generating a voltammogram exhibiting a similar catalytic wave to that observed in the first scan, but with the absence of the prewave (Fig. S17, ESI †) . No catalytic wave is observed in the acid-only solution if the electrode was not initially scanned beyond the prewave feature (Fig. S18, ESI †) . Similar to the behavior of electrodes in solutions of 1 and acid, increasing the concentration of acid in the acid-only solution with a treated electrode results in linearly increasing catalytic waves up to similar acid eq., (Fig. S19, ESI †) , further confirming that an active, surface adsorbed species is formed upon electrolysis. At higher acid concentrations, the peak current begins to level out, likely limited by the turnover rate of the active material ( Fig. S16 and S19, ESI †). A similar rinse test was performed using a solution of 2, in which an electroactive, surface adsorbed species forms (Fig. S20, ESI †) . In this case, only scans to potentials beyond the Ni I/0 reduction potential (À1.65 V) produce catalytic responses in acid-only solutions. However, the electroactive material formed from 2 also deposits in the absence of acid. Polarizing the electrode at À1.65 V in an acid-free solution of 2 is sufficient to generate a catalytic film, suggesting the acid is essential for hydrogenation of 1, but electrodeposition of hydrogenated 1 or 2 does not require additional protons. Further investigation of deposition conditions were pursued, as detailed in the ESI † (Fig. S21 ).
To determine if the electrocatalytic response observed for heterogeneous material produced by 1 resulted in production of hydrogen, a glassy carbon electrode was treated in an acidic solution of 1 for 480 s (at À1.75 V), rinsed, and dried. This treated electrode was then subjected to a controlled potential electrolysis in a 10 mM CF 3 COOH solution. Gas chromatography of the headspace confirmed the production of hydrogen with a Faradaic efficiency of 97% (see ESI † for details).
The composition of the active material was evaluated by scanning electron microscopy (SEM), transition electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS). Large area samples were prepared by electrolyzing solutions of 1 and 2 in the presence of CF 3 6 ] on gold plated silicon wafers were also analysed.
SEM of glassy carbon plates electrolyzed with 1 or 2 for 480 s revealed surface films ca. 40 nm thick (Fig. S22-S23 , ESI †). No differences between the two samples were observed.
TEM analysis of film material scraped off the glassy carbon plates revealed that these films contained nanoparticles (Fig. S22-S23 , ESI †). Metal nanoparticle deposition from homogeneous precatalysts has previously been observed for cobalt and nickel compounds. 13, 15, 16 Energy-dispersive X-ray spectroscopy (EDS) of the TEM samples confirmed the presence of nickel, sulfur, and oxygen with atomic ratios for Ni : S of 18.2 : 1 and 14.2 : 1 for plates treated with 1 and 2, respectively, and atomic ratios for Ni : O of 6.4 : 1 and 7.6 : 1. The excess of nickel relative to sulfur and oxygen suggests that the nanoparticles produced are primarily nickel-based.
The Ni 2p XPS peak structure is complex, especially for nickel in oxidation states other than Ni 0 . The characteristic doublet is often accompanied by satellite peaks due to different final state effects with varying intensities and spacings from the main doublet peaks. [27] [28] [29] [30] For dropcast samples of 1 and 2, the XPS spectra reflect the atomic ratios and binding energies consistent with the molecular species; however, XPS analysis of the electrolyzed samples reveal starkly different atomic ratios and binding energies from the molecular species (Table S3 , ESI †).
The differences of the Ni : S : N atomic ratios observed for dropcast samples of 1 (1 : 1.48 : 2.93) vs. electrolyzed 1 (1 : 0.11 : 0.05) indicates that the molecular species undergoes a transformation as the active film is generated. The high resolution Ni 2p spectrum of electrolyzed 1 reveals a narrow diagnostic peak at 852.7 eV, corresponding to the Ni 2p 3/2 peak of Ni 0 , 27 and a peak at 856.0 eV, indicating the presence of a second Ni species (Fig. 4) . While the Ni 2p peak at 856.0 eV possibly represents Ni-O 10 or Ni-S (via comparison with the dropcast data)
interactions, the XPS data do not permit absolute assignment. By contrast, the high resolution Ni 2p spectra of dropcast 1 and 2 show no evidence of Ni 0 . The spectrum of electrolyzed 2 is qualitatively indistinguishable from that of 1, suggesting that 1 and 2 decompose into the same Ni-containing products during electrolysis.
The elemental ratios found by TEM-EDS and XPS analysis were dissimilar, with the ratios of Ni : S and Ni : O smaller in the XPS elemental analysis than those in the TEM-EDS analysis (Fig. S22 and S23 , ESI †). Despite these differences, both forms of analysis show an excess of nickel relative to sulfur and oxygen. One possible explanation for the differences in Ni : S and Ni : O ratios lies in sample treatment: XPS sampled the deposited material still attached to the substrate, while TEM-EDS analysis involved scrapping the deposit off the substrate followed by dispersion by ultrasonication prior to deposition onto a TEM grid. This dispersion may have separated an amorphous overcoat layer (suggested from the SEM and TEM images) from encompassed nanoparticles. Additionally, while XPS probed a thin surface layer over a large area, TEM-EDS analyzed a smaller portion in bulk. We hypothesize that XPS largely analyzed the amorphous film which appears to surround the nanoparticles while the deeper penetrating TEM-EDS preferentially sampled the bulk composition of the nanoparticles.
The presence of elemental nickel in the heterogeneous film is further supported by CV. For electrodes treated with 1 and 2 under identical conditions used for the rinse test, an irreversible, anodic nickel stripping wave is observed between À0.10 V and À0.60 V (Fig. S24 , ESI †). Scanning through this region degrades the catalytic activity of the heterogeneous film, as evidenced by a cathodic shift of the catalytic 6 ] and were held at À1.66 V vs. Fc wave for sequential scans over the stripping wave (Fig. S25, ESI †) . The catalytic ability is preserved for repeated scans in an acid-only solution provided that the potential is never scanned positive of À0.50 V.
Surface analysis and voltammetry measurements both suggest the presence of more than one nickel species on the electrode surface, including Ni 0 . To determine if Ni 0 was the only catalytically active species in the film, or if another nickel species contributed to the catalytic response currents, electrochemical acid titration experiments were performed with solutions of Ni(ClO 4 ) 2 Á6H 2 O (Fig. S26, ESI †) . A catalytic wave is observed with an onset potential more negative than produced from either solution of 1 or 2. The difference observed between the catalytic wave onset potentials of 1, 2 and Ni(ClO 4 ) 2 Á6H 2 O further support the surface analysis identification of two Ni species in electrolyzed samples of 1 and 2 and indicate that more than one nickel species contribute to the catalytic activity of the film. Taken together, the electrochemical data and surface analyses help elucidate the pathway by which the active, surface adsorbed species is deposited. The lack of a prewave for 2 strongly supports assignment of the prewave observed for solutions of 1 in the presence of acid as CQN hydrogenation. The limiting two electron stoichiometry of this prewave suggests a net two electron, two proton, CQN hydrogenation of a single ligand of 1. Since reduction and hydrogenation of the free ligand in the presence of acid ( Fig. S8 and S9 , ESI †) occurs at potentials much more negative than the prewave, this suggests that ligand hydrogenation in 1 occurs via an intramolecular pathway mediated by electrochemically generated Ni I , analogous to the mechanism proposed for ligand hydrogenation in the cobalt clathrochelate complex. 15 As noted previously, the Ni I/0 redox couple of 1 is quasireversible while by contrast the Ni I/0 redox couple of 2 is irreversible (Fig. 2) . After two one-electron reductions of 2, 2 2À decomposes. We hypothesize that after the first metal-mediated ligand CQN hydrogenation of 1, the species generated (1*) is electronically more similar to 2, and upon two sequential reductions, 1* 2À decomposes to form multiple electrode-adsorbed active species as identified by electrochemical and XPS analysis. Surface analysis by XPS, SEM, and TEM support this decomposition pathway by identifying similarities between the decomposition products of 1 and 2, in which both nickel-containing nanoparticles and an additional Ni species are present.
This work joins only a few other studies describing the transformation of a precatalyst to an H 2 -evolving film and offers new insight into decomposition pathways of coordination complexes under electrocatalytic conditions. Further, these results, along with related studies on cobalt complexes, [13] [14] [15] indicate that CQN bonds are readily hydrogenated under electrocatalytic conditions and that this hydrogenation is the first step towards transforming these coordination complexes into heterogeneous species. Unlike prior studies where CQN bond hydrogenation is implicated to be responsible for electrochemical prewaves, this work provides compelling evidence that this assignment is correct via comparison with a completely hydrogenated molecular analogue. The susceptibility of CQN bonds towards hydrogenation suggests such structural components should be avoided in the design of molecular electrocatalysts. Catherine Pitman, Seth Barrett, and Eric Rountree are thanked for helpful discussions. Dr Amar S. Kumbhar is thanked for SEM-EDS/ TEM-EDS operation. D.J.M. acknowledges support from the North
